Abstract.
Introduction
The knowledge of the thermodynamic behavior of aqueous salt solutions is a key element for understanding the physical-chemical state of the Earth's crust fluids. Many of associated geological problems relate to hydrothermal systems with the ubiquitous NaCl and, in particular, are bound with the domain of temperatures 423.15 K-573.15 K at pressures up to 5 kbar. One of these problems concerns, for example, the ore-forming hydrothermal systems of epithermal, some part of porphyry, and the most part of orogenic gold deposits (e.g. Groves et al, 1998; Kerrich et al, 2000; Heinrich, 2005; Goldfarb and Groves, 2015) . Aqueous NaCl solutions are a key subsystem of a vast number of more complex systems (e.g. Duan and Mao, 2006; Akinfiev et al, 2016) . Especially important is the system H 2 O-NaCl-CO 2 , which plays a very significant role in a broad variety of geological processes and is a key system in studies of fluid inclusions in minerals. Theoretical studies of thermodynamic properties of H 2 O-NaCl solutions, in some cases conjugated with the study of triple system H 2 O-NaCl-CO 2 , were done by Rogers and Pitzer (1982) , Pitzer et al (1984) , Lvov and Wood (1990) , Archer (1992) , Anderko and Pitzer (1993) , Duan et al (1995) , Duan and Sun (2003) , Anovitz et al (2004) , Evans and Powell (2006) , Mao et al (2010 Mao et al ( , 2015 , and Dubacq et al (2013) . Many other publications on the subject were analyzed by Driesner (2007) . The system H 2 O-NaCl plays an exceptional role in researches of electrolytes, being nowadays the best studied electrolyte, both experimentally and theoretically.
This makes H 2 O-NaCl the most natural object for development and applications of new thermodynamic models.
Historically, a very important role in development of theoretical descriptions of experimental data on thermodynamic behavior of H 2 O-NaCl solutions can be grouped into two sets, convenient for theoretical analysis: 1. Activity of water and osmotic coefficient at saturation pressure of pure water at various temperatures and concentrations of NaCl; 2. PVTx properties of saline solutions at pressures equal and higher than the saturation pressure. For experimental data on H 2 O-NaCl in TP range of our interest there are precise fits of both the osmotic coefficient (Liu and Lindsay, 1972) and PVTx data (Driesner, 2007) . This is an important circumstance, allowing us to separate the development of the model from the analysis of raw experimental data. We used the first set of experimental data for development of our analytical form of the excess Gibbs free energy in the part, concerning its dependence of the salt concentration. On the other hand, fitting our model on PVTx data allowed us to check a predictive potential of our approach and obtain a practical thermodynamic model of NaCl water solutions for pressures up to 5 kbar.
In this paper, we concentrate on the development and testing the model for H 2 O-NaCl. In the following, the existence of a proven model will facilitate its applications to the other watersalt systems of geological value, like solutions of CaCl 2 , KCl, and MgCl 2 . Sets of experimental data for these systems are more restricted comparing to H 2 O-NaCl. Therefore, these systems require the proved theoretical models for obtaining their thermodynamic description.
Method
The most convenient representation for the set of experimental data on H 2 O-NaCl solutions at saturation pressures is their expression through the osmotic coefficient ϕ 
where Ĝ is the full Gibbs free energy of the solution, i N is the number of particles of kind i in the solution, and P is the pressure. For convenience we will use, in the following, the Gibbs free energy per one mole of solution
where n is the total number of moles in the solution. The Gibbs free energy G is a sum of the Gibbs free energies of pure solvent and solute and the excess Gibbs free energy 
The ideal part of ex G has the well-known form
Our goal is development of an analytic form of the excess Gibbs free energy able to reproduce existing experimental data and, thus, having a potential for obtaining quantities, not known from experiments. As an initial point, we have chosen the form of ideal -non G developed by Newton (1996, 1998) and finally formulated by Aranovich et al (2010) for the ternary system H 2 O-CO 2 -NaCl at high temperatures and pressures. For the subsystem H 2 ONaCl their non-ideal excess Gibbs free energy consists of two terms
where
with parameters α and 2 W dependent on temperature and pressure P . Initial meaning of the parameter α is the degree of dissociation of NaCl molecules Newton, 1996, 1998) x , is necessary for precise description of thermodynamics of the H 2 O-NaCl solution at high concentrations of NaCl. The absence of this term or its equivalents in models like (Pitzer et al, 1984) and (Archer, 1992) causes the loss of their precision at high NaCl x . The analogous problem in a more severe form exists in thermodynamic modeling for solutions of salts, better solvable than NaCl, for example CaCl 2 (Pitzer and Oakes, 1994) .
Thus, our final form of the excess Gibbs free energy, applied in the following sections to the H 2 O-NaCl solutions, is 
Concentration dependencies of the osmotic coefficient
In this section, we rely on experimental data on osmotic coefficients of NaCl solutions at saturation pressures. On this basis, we fit parameters of our model, and check compatibility of our model with the results of experiments. Lindsay (1970, 1972) carried out an extensive analysis of their own and other experimental results on osmotic coefficients ϕ for the system H 2 O-NaCl within the temperature range 423.15 K-573.15 K at pressures of equilibrium between pure water and steam. For these TP conditions they provided a smooth approximation of ϕ values, more useful than raw experimental data (Liu and Lindsay, 1972 Liu and Lindsay (1972) for several temperature points are given in Table 1 . The corresponding dependencies ) ( 2 x ϕ along with data by Liu and Lindsay (1972) compared with experimental data by Liu and Lindsay (1972) and theoretical results by Pitzer et al (1984) and Archer (1992) . (a) 
This form of dependence is similar to Brønsted (1922) empirical equation (see also Guggenheim and Turgeon, 1955; Elizalde and Aparicio, 1995 
Temperature dependence of the osmotic coefficient at the vapor saturation pressure
The next step in the development of our model should be obtaining temperature and pressure dependencies of parameters 2 W , 6 W , a W , and a ε . Experimental data by Liu and Lindsay (1972) were obtained for pressures of equilibrium between liquid water and water steam. This pressure depends on the temperature. The latter means that parameters, obtained for the curves in Fig. 1 
Numerical parameters present in formulas (20)- (23) Liu and Lindsay (1972) with a precision not much different from that of ) ( 2 x ϕ obtained in the previous section. In the scale of Figure 1 both sets of curves coincide. In Figure 2 we show concentration dependencies of the osmotic coefficient ) ( 2 x ϕ following from fit of this section in comparison with experimental data and theoretical curves from the model by Pitzer et al (1984) .
Temperature and pressure dependencies of the Gibbs free energy
The next step in the development of our model should be obtaining pressure dependencies of parameters 2 W , 6 W , a W , and a ε . Experimental data, related to saturation pressures, are not sufficient for separation of temperature and pressure dependencies of thermodynamic functions.
In addition, they cover a very narrow range of pressures. Thus, obtaining pressure dependence of the Gibbs free energy and values derived from it, requires involving additional experimental information.
The pressure dependence of the Gibbs free energy can be obtained on the basis of the existing data on the molar volume V of NaCl solutions dependent on T , P , and NaCl x by means of the following relation
The analysis of multiple of experimental data on the molar volume of NaCl solutions on temperature, pressure and NaCl content is not the goal of the present work. Such an analysis was performed recently by Driesner (2007) and Mao and Duan (2008) . These authors also developed 
. a , 6 , 2 , 
Our final form of the excess Gibbs free energy for aqueous NaCl solutions is given by Eq. (13) Liu and Lindsay (1972) . New values of ij u correspond to a formal pressure value 0 = P . They are given in the right column of In a graphical form, our approximation for ex V is compared with the data by Driesner (2007) in Fig. 3 . In Fig. 3a we present dependencies of ex V on the pressure for a set of various temperatures and molalities. The differences between these two approximations do not exceed deviations between initial experimental results and the approximation by Driesner (2007) . It should be noted that Eqs. (29)- (32) Our values of the osmotic coefficient are compared with the results by Pitzer et al (1984) and Archer (1992) in Fig. 2 . Discussion for saturation pressures is provided in Sec. 3. The discrepancies noted at high concentrations of NaCl are retained also for higher pressures. Values of ϕ , obtained in our calculations, increase with the pressure slightly slower than these by Pitzer et al (1984) . The discrepancies in the osmotic coefficient values between theoretical and experimental data at high concentrations of NaCl are specific not only for early thermodynamic models by Pitzer et al (1984) and Archer (1992) but also most recent and well developed models.
For example, osmotic coefficients by Sun and Dubessy (2012) increase with growing molality faster, than ϕ calculated by Pitzer et al (1984) (Fig. 2) . Thus, both these models show the same type of discrepance with experimental data by Liu and Lindsay (1972) , more pronounced in the model by Sun and Dubessy, (2012) . In addition, the range of prediction on pressures and NaCl with T was found experimentally by Aranovich and Newton (1996) (Franz, 1982; Aranovich and Newton, 1996) . In Fig. 6 we present concentration dependencies of the mean ionic activity coefficient ± γ of NaCl for four temperatures from 423.15 K to 573.15 K and pressures from the saturation pressure to 5 kbar obtained with our thermodynamic model. In Fig. 7 we present a comparison of our results for (molal) mean ionic activity coefficient m ± γ at saturation and elevated pressures with the models by Pitzer et al (1984) and Archer (1992) . As well as for the osmotic coefficient, m ± γ values in our model increase with P slightly slower than in the model by Pitzer et al (1984) .
All the thermodynamic models, cited above are restricted in the range of molalities, where they can predict values of m ± γ . For models by Pitzer et al (1984) , Archer (1992) , and Sun and Dubessy (2012) this is 6 ≤ m . For Hingerl et al (2014) this is 5 ≤ m .
As it was mentioned in Sec. 2, our model is a kind of extension of models by Aranovich et al (Aranovich et al, 2010; Newton, 1996, 1998) . Comparing to these models we added two terms to ex G , i.e. term a G , which reflects the long-range interaction of ions, and the second short-range term 6 G . The two other most similar models of saline solutions published up to now are DH-ASF (Evans and Powell, 2006; Dubacq et al, 2013) and extended model of Pitzer (Pitzer and Simonson, 1986; Rard et al, 2010) .
For the short-range interaction of species the model DH-ASF contains terms, similar to different from H 2 O-NaCl. We expect that our simple model can be useful as an alternative approach for many salt solutions.
Conclusions
We have proposed an empirical model of the concentration dependence of the excess Gibbs free energy ex G for saline solutions. Our simple analytical form of ex G allows obtaining equations of state of saline solutions equally precise in the whole range of the salt concentrations, from dilute solutions up to the limit of solubility. The key feature of our approach is representation of the non-ideal part of the Gibbs free energy as a sum of terms of two kinds. One of these terms provides an adequate empirical representation of the Gibbs free energy for dilute solutions. The second kind of terms is responsible for thermodynamic behavior of the solution at intermediate and high concentrations of the salt. In the current paper, they are two terms of Margules type decomposition of the free energy on molar fractions powers. approximately 10 molal at 573.15 K). This is a new result for NaCl water solutions. The range of the TP parameters, covered by our model relates, in particular, to ore-forming H 2 O-NaCl hydrothermal systems of epithermal, some part of porphyry, and the most part of orogenic gold deposits.
The further development of the approach presented in this paper should be directed to building similar thermodynamic models of other saline solutions than H 2 O-NaCl. The fact, that our approach works well both for dilute and very concentrated solutions makes it prospective for highly solvable salts like CaCl 2 . Calcium chloride is able to build much more concentrated solutions than NaCl, and these concentrated solutions play an important role in many geological -20 -processes (Bischoff et al, 1996) . Development of such a model for H 2 O-CaCl 2 is a current research of the authors.
An evident way of application of our model for H 2 O-NaCl is its incorporation into models of ternary systems H 2 O-NaCl-non-polar gas, first of all the ternary system H 2 O-NaCl-CO 2 , which plays a key role in studying fluids in geological systems. In particular, this concerns the problem of formation of hydrothermal deposits. Our results presented above, can be used as an element for building the more precise models for these systems covering a broad range of salt concentrations, including solutions near to the saturation. Building such models is planned by the authors. The second way of application of results presented in the current paper is their direct usage in studying of the fluid mass transfer. It is known that the transportation ability of the fluid strongly depends on its density. PTx dependencies of density of H 2 O-NaCl fluids were studied in details in the works by Driesner and Heinrich (2007) and Driesner (2007) . Our results on the densities of H 2 O-NaCl fluids are very near to those by Driesner (2007) . On the other hand, the fluid-rock interaction depends on the activities of components of the fluid. Thus, our model for H 2 O-NaCl opens a possibility of enriching the analyses of the thermohaline convection in the Earth's crust (e.g. Geiger et al, 2006a Geiger et al, , 2006b ) with details concerning the fluid-rock interaction.
Our model for H 2 O-NaCl can be obtained in the form of a computer code by contacting the authors.
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